During an accelerated expansion of the Universe, quantum fluctuations of sub-Planckian size can be stretched outside the horizon and be regarded effectively classical. Recently, it has been conjectured that such horizon-crossing of trans-Planckian modes never happens inside theories of quantum gravity (the trans-Planckian censorship conjecture, TCC). We point out several conceptual problems of this conjecture, which is in itself formulated as a statement on the restriction of possible scenarios in a theory: by contrast a standard swampland conjecture is a restriction of possible theories in the landscape of the quantum gravity. We emphasize the concept of swampland universality, i.e. that a swampland conjecture constrains any possible scenario in a given effective field theory. In order to illustrate the problems clearly we introduce several versions of the conjecture, where TCC condition is imposed differently to scenarios realizable in a given theory. We point out that these different versions of the conjecture lead to observable differences: a TCC violation in another Universe can exclude a theory, and such reduction of the landscape restricts possible predictions in our Universe. Our analysis raises the question of whether or not the trans-Planckian censorship conjecture can be regarded as a swampland conjecture concerning the existence of UV completion.
I. INTRODUCTION
The standard dogma of low-energy effective field theory and renormalization is based on the idea of separation of energy scales in physics. This has been a mixed blessing for physicists. On the one hand such a hierarchy in energy scales ensures that, whenever one is interested in a low-energy effective field theory, one can concentrate on the physics at the relevant energy scale: any ignorance concerning higher energy scales (such as whatever happens at the cutoff scale) can be parametrized by the coefficients of non-renormalizable operators in the effective theory. On the other hand, the flip side of the same coin is that it is in general difficult to probe physics at very high energy scales, since these effects are typically suppressed by some powers of the cutoff scale. This challenge is extremely sharp for a quantum-gravity theorist who wishes to check their theories experimentally: what are the lowenergy consequences of quantum gravity, whose energy scale can be as high as the Planck scale?
Early Universe provides an ideal setup for addressing this question. It is widely believed in the literature that there is a period of accelerated expansion (inflation) in the early Universe [1] [2] [3] [4] [5] . During inflation Plancksuppressed corrections to the inflaton potential can spoil the flatness of the inflaton potential so that the physics can be very sensitive to Planck-scale physics. The accelerated expansion in addition stretches the sub-Planckian modes to macroscopic scales, thus potentially opening up avenues for direct observations of Planck-scale physics. If this is indeed the case, one might argue that the cosmological fluctuations such as the Cosmic Microwave Background (CMB) anisotropies are highly sensitive to unknown physics at the Planck scale. This is the famous trans-Planckian problem in inflation, which has long been discussed in the literature, see, e.g. Refs. [6] [7] [8] [9] [10] . The trans-Planckian problem has also been long discussed for black holes, see e.g. Refs. [11] [12] [13] [14] [15] for early references and Ref. [16] for a summary.
Recently, Bedroya and Vafa boldly proposed that no cosmological trans-Planckian problem arises in the landscape of the quantum gravity [17] -the horizon crossing of sub-Planckian modes never happens. This conjecture is called the trans-Planckian censorship conjecture (TCC). In Ref. [17] , TCC is claimed to be yet another example of a swampland conjecture [18, 19] , a necessary condition for the low-energy effective field theory to have a UV completion inside theories of quantum gravity, such as string theory (see e.g. Refs. [20] [21] [22] for reviews on swampland conjectures).
After the proposal by Ref. [17] , a number of papers have studied consequence of TCC. It should nevertheless be pointed out that there are still conceptual problems in TCC in itself. In this paper, we would like to draw one's attention to problems in formulating TCC as a swampland conjecture. In order to address this question more precisely, we formulate several versions of TCC and discuss the (de)merits of each in turn.
II. SWAMPLAND CONJECTURES
Let us begin with general remarks on swampland conjectures.
A swampland conjecture is a conjectural necessary condition for embedding a low-energy effective field theory into a theory of quantum gravity. A swampland condition should therefore be satisfied for all possible scenarios theoretically realizable in a given effective field theoryit does not matter if the scenario is unlikely, or if it is realized in our Universe, as long as the scenario has a non-zero probability of realization. For later reference, let us state this as a principle:
Swampland Universality: A constraint from a swampland condition applies to any possible realization inside a given low-energy effective field theory.
An example of a swampland conjecture is the swampland de Sitter conjecture (dSC) [49] (see also Refs. [50, 51] ). This conjecture states that the total scalar potential V of a low-energy effective field theory satisfies the inequality
where c is an O(1) constant and M Pl 2 × 10 18 GeV is the reduced Planck mass. Since this condition applies to the potential of the theory and not to any particular realization, this condition indeed satisfies the swampland universality.
After the proposal of Ref. [49] , it has subsequently been pointed out that dSC causes severe problems with the presence of the Higgs field [52] [53] [54] , axion fields [53, 55] as well as cosmic inflation models.
1 For these reasons, there have been attempts to refine dSC [53, 59, [72] [73] [74] [75] . While the inequality (1) is speculative at a general point in the configuration space, it is better motivated in the asymptotic regions of the moduli space [72, [76] [77] [78] [79] . For this reason, one possible approach for refining the conjecture is to try to formulate another swampland conjecture which relaxes the constraint from (1) at a general point in the moduli space, while preserving the essence of (1) in the asymptotic regions. TCC can be regarded as an example for such an attempt.
III. TRANS-PLANCKIAN CENSORSHIP CONJECTURE
Let us consider a quantum fluctuation of sub-Planckian size (of length scale l l Pl , where l Pl is the Planck length). The expansion of the Universe stretches the physical scale of this fluctuation by a factor a/a ini , where a ini and a denote the scale factor at the initial and given time respectively. When the expansion accelerates, this factor grows monotonically with respect to the Hubble horizon ∼ H −1 . Therefore, the physical scale will eventually exit the Hubble horizon if the accelerated expansion continues for a sufficiently long time. TCC claims
We will hereafter refer to the inequality of Eq. (2) as the TCC condition. When a quantum fluctuation exits the Hubble horizon, it is widely believed that the quantum state transits into an effectively classical state (see e.g. Refs. [80] [81] [82] [83] [84] [85] for a sample of early references). The typical narrative is that the state is in a highly-squeezed state after the horizon exit and then quickly decoheres due to interactions with the environment. We do not need detailed mechanisms for this quantum-to-classical transition in the following, except we should keep in mind that the point of TCC concerns this classicalization, rather than the horizon exit itself.
As already stated, TCC can be regarded as an upgrade of dSC. TCC is in general weaker than dSC at a generic point of the configuration space (thus avoiding the problems of dSC discussed above), while preserving the essence of dSC at asymptotic regions [17] (cf. [72, 76, 79] ).
Despite these similarities, there is actually a huge difference between TCC and dSC. While dSC is a constraint on the potential of a theory, and hence of the theory itself, TCC is a constraint on a realization (a scenario) inside the theory, at least on a first look. This is in some tension with the expectation that a swampland condition should be a constraint for the low-energy effective field theories. A given low-energy effective field theory in general allows for many realizations, some of which might violate TCC even when others are consistent with TCC. The swampland universality implies that such an effective field theory is in the swampland, irrespective of whether our particular Universe satisfies the TCC condition (2) (Fig. 1) . The possible existence of a TCC-violating Universe might seem like an academic problem and irrelevant to us. It has, however, an observable impact: a stronger reduction of the quantum-gravity landscape leads to more restrictions on possible predictions in our Universe. In order to see if this is indeed the case, we first need to be more explicit on what TCC means, since TCC can be interpreted in several different manners. In the following we discuss each interpretation in turn (see Fig. 2 ). We will in particular see that some versions put the Standard Model of particle physics and cosmology into the swampland.
IV. UNIVERSAL TCC
One natural interpretation of TCC is the following version, which straightforwardly satisfies the swampland
Our Universe a our (t)
Our Universe a our (t) figure, since each leads to different conclusions and interpretations. We can first ask if TCC applies universality, which is the case for the universal TCC (UTCC). Another possibility is to impose some selection rule and apply TCC to some subsector, e.g. by restricting to classical solutions. This gives the classical TCC (CTCC). Another option is to require that there is at least one TCC-consistent Universe realizable inside the theory (observational TCC, OTCC). This is minimally enough for the assumption that TCC applies to our observable Universe, irrespective of what happens in other possible scenarios. Finally, we can adopt probabilistic interpretations, and allow for TCC violations with "small' probabilities (probabilistic TCC, PTCC).
universality:
Universal TCC (UTCC): the TCC condition (2) is obeyed for classically-observable quantities in any possible realization allowed in a given effective field theory.
Note that here we included the phrase "classicallyobservable quantities" in the formulation of UTCC, since an intrinsically-quantum Universe does not have a welldefined concept of the classical spacetime (and hence of the classical scale factor), in which case it is not clear how the TCC condition (2) should be formulated.
TCC-violating Realizations (2) is obeyed for classically-observable quantities in any possible realization allowed in a given effective field theory. This condition is violated if the theory admits even one TCC-violating Universe as a possibility.
FIG. 3. UTCC claims that the TCC condition
This version of TCC is rather strong and essentially excludes any inflationary scenario, while the condition (2) by itself allows for a finite period of inflation. This is because, in this version of TCC, the TCC condition (2) should be applied to all possible trajectories of the scale factor in a given theory-one can consider a TCCviolating realization in any inflationary model by taking into account the backreaction of the fluctuations to the background expansion. After the horizon exit, as mentioned above, the fluctuations are classicalized and locally indistinguishable from the corresponding background. As known in the stochastic inflation formalism [80, [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] , the backreaction of the fluctuations changes the background trajectory stochastically. It is then possible, for example, that the background inflaton stays at the same point in the potential for an arbitrary long time due to the backreaction effect, making the value of the e-folding number of the inflation arbitrary large (see Fig. 4 ). The TCC condition (2) is clearly violated in this situation. Such a large backreaction effect is familiar in the eternal inflation scenario [86, 88, [99] [100] [101] [102] , except here we do not necessarily assume that the inflation continues in most part of our Universe. In any inflationary model, a realization of large quantum fluctuations exists with a non-zero probability and their backreaction effect leads to the violation of the TCC condition (2). It is also easy to understand that any inflation model with a metastable vacuum is excluded by a similar argument. To elude this conclusion, an inflationary model should strictly forbid all TCC-violating realizations, while allowing realizations of a finite period of inflation with the e-folding number (2) and the production of the density fluctuations in our Universe. To our knowledge, such inflationary model has not been known. It should be remarked that this argument is applicable to all scalar fields with a positive and flat potential.
Moreover, there is a more serious objection that UTCC is incompatible with any scalar field whose potential has a local maximum with positive energy. This is because we can consider a realization where the scalar field is placed on the top of the potential and stays there forever. In this solution, the accelerated expansion occurs eternally, leading to the violation of the TCC condition (2) . This is indeed the case for the Higgs potential in the Standard Model of particle physics. As in the case of the de Sitter swampland conjecture, one can try to rectify this problem by e.g. modifying the electroweak sector by including extra fields or by coupling the Higgs field to the quintessence field [103] [104] [105] . However, each has its phenomenological problems as already pointed out in Refs. [52] [53] [54] (save for rather fine-tuned possibilities). The same applies to local maxima of mesons or axions [53, 55] . We therefore conclude that, while theoretically appealing as a swampland conjecture, UTCC is in practice too strong to be imposed. Now, we know that the swampland universality of TCC cannot be satisfied in its literal form. In the following, then, we will examine three possibilities to formulate TCC in an acceptable form: (1) TCC-violating solutions are not realized due to (unknown) quantum gravity effects, (2) TCC-violating solutions can exist but are never observed by us, (3) TCC violations with a small probability are tolerated.
V. CLASSICAL TCC
The first approach is to introduce a selection rule: one assumes that only a limited class of realizations is actually allowed in a given theory. In order that this formulation of TCC qualifies as a swampland conjecture, this selection rule should be uniquely determined given an effective field theory. However, as we will see, it would be difficult to find a reasonable selection rule. To clarify this point, let us consider a particular selection rule that only picks up classical realizations:
Classical TCC (CTCC): the TCC condition (2) is obeyed for any possible classical realization (i.e. classical solution) allowed in a given effective field theory.
Our Universe a our (t) TCC-violating Realizations In this conjecture, only the classical realizations are assumed to be possible and the swampland universality is applied to them. CTCC gives a proper swampland condition because, for a given effective field theory, its possible classical solutions are unambiguously defined as the extrema of its action integral. It is obvious that CTCC is unacceptable without any proviso because quantum effects have been observed in experiments. A possible excuse is to assume that CTCC is only applied to cosmological solutions, where quantum gravity comes into play.
However, there remain problems with this CTCC. First, CTCC has to at least forbid the inflaton's fluctuations that cause the backreaction. Therefore, CTCC forces us to abandon the standard inflationary paradigm of the structure formation from the quantum fluctuations. One might argue that the cosmological fluctuations can be seeded by other scalar fields such as the curvaton [106] [107] [108] [109] , but the swampland universality (even its classical version) implies that their fluctuations should be also forbidden because any such scalar field can be the inflaton-there is a classical solution where the field drives inflation.
Another point is that CTCC misses the motivations of TCC. Recall that TCC is meant to preclude the classicalization of the trans-Planckian quantum fluctuations in order to preserve a self-consistent classical picture of spacetime on larger scales. On the other hand, CTCC forbids these trans-Planckian quantum fluctuations as well as the problematic fluctuations that cause the backreaction effect. Therefore, it is unclear what is problematic when CTCC is violated.
Furthermore, the problem of the local maxima of the Higgs and meson potentials, as pointed out above for UTCC, still remain even in this formulation.
From the arguments above, the selection rule should strictly forbid large quantum fluctuations that stop a field rolling down its potential slope but should allow small quantum fluctuations that kick a field from a local maximum of the potential, and those that source the cosmological fluctuations for the structure formation if one wishes to keep the standard inflationary paradigm. If we brutally forbid large quantum fluctuations, it is very likely to be in sharp conflict with basic principles of the quantum mechanics-since the Schrödinger equation is diffusive, the wavefunction spreads over the field space unless confined by an infinite potential barrier. One can still be very speculative and argue that it might be possible to justify such a selection rule in the grand framework of quantum gravity-a possible analogy is that the quantization condition in the Bohr's old quantum theory, a selection rule of classical trajectories, was justified eventually in the modern quantum mechanics in a framework completely different from classical mechanics. While this could be possible in principle, one should note that this is a dramatically more radical requirement than that required by the standard swampland conjectures.
VI. OBSERVATIONAL TCC
We have discussed difficulties in introducing a selection rule for realizations. Then, a next possible approach is to allow all realizations, but forbid that the TCC violation is observed, at least, by us:
Observational TCC (OTCC): the TCC condition (2) is obeyed in our Universe. This is the version implicitly used in many of the recent papers discussing phenomenological consequences of TCC. OTCC provides the minimum setup to discuss practical consequences of TCC. As we will see, however, some results from the literature are reproduced here but some are not in OTCC.
Let us first discuss phenomenological predictions of OTCC. The first example is an upper limit on the primordial tensor amplitude, or the energy scale of inflation,
Our Universe a our (t) as already discussed elsewhere [26-28, 30-32, 35, 36, 39] . Applying the TCC condition (2) to the end time of inflation, we find that the expansion rate at this time H e is limited by the e-folding number of inflation N inf as,
When the expansion rate is approximately constant during inflation H e e − H N inf H inf ( H 1), this immediately implies that the longer inflation leads to more suppression of the primordial tensor fluctuations:
or equivalently the energy scale of inflation, V /M 4 Pl (3π 2 /2)P T . On the other hand, the inflation should be long enough for the CMB modes to cross the horizon during inflation as,
in order that the fluctuations are created from the quantum fluctuations. Here, H 0 and N after are the Hubble parameter at the present time and the e-folding number after the inflation, respectively. Therefore, since N after cannot be arbitrarily large, it is possible to find an upper limit on the primordial tensor amplitude. The precise value of the upper limit depends on the history of Our Universe. The e-folding number N after is decomposed into those of the inflaton oscillation N osc and of the Big Bang Universe,
where the subscripts R and 0 indicate quantities at the reheating and the present time, respectively, and g * s (T ) (g * (T )) is the effective degrees of freedom for the entropy density (energy density) at temperature T . When the instantaneous reheating is assumed, we have N osc = 0 and H R = H e H inf . Then, from Eqs. (4) and (5), one can find an extremely small upper limit on the tensor-toscalar ratio [23] ,
or V 1/4 < O(10 8 )GeV on the energy scale of inflation, for the values of the cosmological parameters reported in Ref. [110] . Here, we have omitted the effective degrees of freedom. This tight constraint can be relaxed by considering, e.g., multi-stage inflation H e = H inf or non-standard history of the Universe N after = N BB [26-28, 30-32, 35, 36, 39] . A general argument with them leads to [27] ,
. (8) A tighter constraint can be obtained when one seriously considers the flatness problem. Imposing the observed upper bound on the curvature density parameter Ω K0 < Ω K,obs , its initial value Ω K,ini should satisfy,
which is obtained from Eq. (5) with the replacements
From a similarity to Eq. (5), it is easy to find that
where r upper is the upper limit in Eq. (8) . Therefore, unless one fine-tunes the value of Ω K,ini , the present constraint Ω K0 < Ω K,obs = O(10 −3 ) [110] leads to a tighter constraint on r. We also conclude that the spatial curvature Ω K0 should be detectable in future [111] when the primordial tensor modes with r ∼ r upper are observed. Note that a negative value of Ω K is claimed to arise generically in the string theory landscape [112] (see also Ref. [113] ), when we consider a quantum tunneling as in the open inflation scenario [114] [115] [116] [117] . In this respect, it would be interesting to further study constraints on the spatial curvature.
Here, it should be noted that these constraints are only applied to the primordial tensor modes generated by the standard mechanism. First, for the tensor-to-scalar ratio with such a small amplitude, it is necessary to take into account non-linearly generated tensor modes [118] [119] [120] [121] as well as foreground contamination. Moreover, several nonstandard mechanisms are known to generate large tensor modes [122] [123] [124] [125] [126] . These non-standard mechanisms should be also tested with the swampland conjectures as well as observations of e.g. the scalar perturbations [127] [128] [129] [130] . A possible viable example is the generation from spectator non-Abelian (e.g. SU(2)) gauge fields coupled to a pseudo scalar axion [123, 131] . In this mechanism, quantum fluctuations of the gauge fields can be enhanced through a transient instability and source large tensor modes. It has been argued in Ref. [130] that the tensor-to-scalar ratio can reach to r ∼ 10 −3 at a specific scale even for a very low energy scale of inflation V
1/4
30 MeV, which is well below the upper limit (7) . This scenario should be further investigated if it is consistent with the other swampland conjectures and can be realized in the quantum-gravity landscape (see e.g. Ref. [132] for discussion). It would be interesting to explore this point further.
The observational TCC also constrains the maximum value of the reheating temperature, T R . Since the maximum reheating temperature is realized for the instantaneous reheating, the inequality (7) can be rewritten as the upper limit on the reheating temperature [23] ,
or
GeV ,
when the flatness problem is taken into account. These are in tension with the thermal leptogenesis [133] , which requires T R 10 9 GeV [134, 135] . Next, let us point out that OTCC does not reproduce all known predictions in the literature. To clarify this point, let us formulate OTCC as a swampland condition. For the TCC condition (2) to be satisfied in our Universe, its minimal requirement for an effective field theory is stated as:
Inside a given low-energy effective theory, there exists at least one realization satisfying the TCC condition (2).
Let us consider the possibility that we live in a metastable vacuum with a positive energy. Imposing the TCC condition (2) on the trans-Planckian modes at the present time, it has been concluded in Ref. [17] that our Universe should terminate within a finite "termination time" t end , whose upper limit was given by
2 A stronger bound of the termination time, t end H −1 0 log(M Pl /H inf ), is obtained by requiring the TCC condition (2) on the trans-Planckian modes at the beginning of inflation.
3 Suppose that the present vacuum decays into another vacuum with a mean lifetime τ . From the argument above, one may argue that OTCC excludes the theories with metastable vacua whose mean lifetime τ is larger than the termination time t end .
This conclusion, however, is not correct -the decay of a vacuum, quantum tunneling to another vacuum, occurs probabilistically and there is always a nonzero probability that a vacuum decays in a short time, p decay (t end ) = 1 − e −t end /τ . In formulating OTCC, we claimed that our Universe can be maximally atypical. Therefore, as long as the probabilisitic interpretation of quantum mechanics is taken, it is possible to evade the upper limit on the termination time t end simply by assuming that we are living in such a short-lived realization. This means that OTCC only requires a finite mean lifetime τ < ∞ and there is essentially no constraint on it. As far as τ is finite, it is possible for the metastable vacuum to decay before the TCC violation. Interestingly, the Standard Model is completely compatible with OTCC, as the electroweak vacuum is unstable. The estimated lifetime of the electroweak vacuum is extremely huge [137] [138] [139] [140] , but has a finite value.
A similar argument opens up the possibility of the old inflation scenario [3] [4] [5] . The old inflation scenario is usually excluded by the graceful-exit problem. However, there is a tiny probability that our patch of the Universe simultaneously decays into the Big Band phase after a sufficiently long period of inflation. Therefore, once one accepts our atypicality, the old inflation scenario is not excluded yet.
These discussions illustrate an unsatisfactory point in the formulation of OTCC. At first sight, OTCC seems to give a proper swampland condition -it selects the theories that allow at least one TCC-consistent realization. However, in order not for us to observe TCC violations, we should additionally assume that our Universe is one of such TCC-consistent realizations. It is not clear apriori why this should be satisfied in the absence of any selection rule of realizations. If it is impossible to justify this extreme atypicality of us, only possibility is to allow a small probability to observe the TCC violation, at the cost of making the trans-Planckian censorship more loose. In the next section, we will consider such a formulation of TCC, the probabilistic interpretation of TCC.
3 This condition is derived by combining e N inf +N after +H 0 t end M Pl /H 0 with the horizon-crossing condition (5). To be exact, the definition of t end here is different from the former case. The termination time t end is measured from the present time here but from the beginning of the current accelerated expansion for the former one. However, this difference is ∼ H −1 0 and negligible.
VII. PROBABILISTIC TCC
Instead of complete eliminations, let us here allow for a small fraction of TCC-violating realizations and assign probabilities to observe them. One approach to formulate TCC along these lines is to appeal to our usual intuition that our examples of TCC-violating realizations are probabilistically rare. This motivates us to propose the following probabilistic interpretation of TCC:
Probabilistic TCC (PTCC): the TCC condition (2) is obeyed in almost all realizations, except that TCC-violating realizations with "small" probabilities are tolerated.
7. An example of EFT in the swampland for PTCC. PTCC claims that the TCC condition (2) is obeyed in almost all realizations except that TCC violating realizations with "small" probabilities are tolerated. In this figure, PTCC is violated when the probabilities p1, . . . , pj for TCC-violating possibilities (given by scale factors a1(t), . . . , aj(t)) are not sufficiently "small" under a given probability measure. This inevitably introduces the dependence on the probability measure.
This version of TCC removes the previous objection: it does not exclude the Standard Model of particle physics because the examples of TCC-violating realizations discussed above have very small probabilities. This version could in principle work as a swampland condition, a restriction of effective field theories. It is, however, unsatisfactory as a trans-Planckian "censorship" constraint, since the "censorship" is incomplete. From the phenomenological standpoint, PTCC can effectively work as TCC with a selection rule of realizations but no violation of principles of quantum mechanics. For theories allowed in PTCC, cutting off TCC-violating realizations barely changes predictions for average values of observable, such as the primordial power spectra, because rare realizations do not contribute much to the average.
A problem of this proposal is that it depends on how to define the "small" probabilities -a larger threshold of probability eliminates a larger number of effective field theories. How rare a realization is accepted, and why?
The threshold is also directly relevant to some observable predictions. For example, as already mentioned, TCC claims that a metastable de Sitter vacuum must terminate by a termination time t end < T H −1 0 ln(M Pl /H inf ). For the present value of the Hubble parameter H 0 , the upper limit T is much larger than the observed duration of the current accelerated expansion. Let us consider the case that the present metastable vacuum will decay into another vacuum with a mean lifetime τ . In this case, the probability of survival at t = T , or the TCC violation, is estimated to be p survival (T ) = e
1/(H0τ ) . Therefore, if we take the threshold larger than H inf /M Pl = O(10 −5 ) √ r, the lifetime should be smaller than the observed duration of the current accelerated expansion τ t age ∼ H −1
0 . Then, we may have already observed signs of the vacuum decay.
More fundamentally, PTCC depends on the choice of the probability, inevitable leading to the measure problem, the non-uniqueness of probabilities in cosmological setups (see e.g. Refs. [141] [142] [143] [144] for reviews). It is possible to come up with some measure by choosing a particular time slice (e.g., by proper-time or conformal time), however this breaks the covariance of the measure, and the different choices can lead to vastly different probabilities.
Even when the probability is defined, there is a separate question: typicality of our Universe. 4 In the formulation of PTCC, it is implicitly assumed that our Universe is typical -if the probability of the TCC-violating realization is small, we rarely observe it.
Is it appropriate to simply assume that our Universe is typical? Let us discuss an example for possible atypicality of our Universe. First, it can be argued that PTCC disfavors the dynamical relaxation of the cosmological constant through quantum tunnelings in the landscape of metastable de Sitter vacua, because it will experience a large number of de Sitter phases and eventually violate the TCC condition (2) . If so, we have to assume that our Universe has a tiny value of the cosmological constant from the initial time, which would be extremely "unlikely" in the string landscape. This means that if our typicality is strictly assumed, we are excluding our own Universe -we concluded that we should not be present.
The typicality highly depends on the choice of the probability measure.
5 One possible way out is to introduce anthropic factors to the probability measure. Suppose that in formulating PTCC we use the probability measure which is highly peaked when "we" are present. This anthropic modification could make our presence typical.
However, it introduces another ambiguity in the formulation of PTCC. It is far from clear what is meant by "we"-is this an intelligent life, and then what counts as "intelligence life"? We can tentatively propose some criteria, however, it is not clear why we should adopt such a measure. The problem is especially sharp when we remember that we wish to formulate PTCC as a swampland conjecture. If anthropic considerations are needed for formulating a swampland conjecture, it seems we are arguing that our existence is strictly required for the consistency of UV completion in quantum gravity. This is certainly a radical idea about quantum gravity.
VIII. IS TCC A SWAMPLAND CONJECTURE?
In this paper, we discussed the question of whether or not the Trans-Planckian Censorship Conjecture (TCC) qualifies as a swampland conjecture.
We first emphasized that the concept of swampland universality, i.e. that a swampland conjecture constrains any possible scenario in a given effective field theory, as long as it has a non-zero probability of realization, irrespective of whether or not it is realized in our Universe. This means that TCC can be applied to Universes which we do not necessarily observe, and hence can lead to more stringent constraints than are hitherto discussed in the literature.
We have seen that TCC formulated with the swampland universality, Universal TCC (UTCC), leads to contradictions with the well-established theory, the Standard Model of particle physics and cosmology. A possible way out is to introduce a selection rule that eliminates all TCC-violating realizations. For example, we can restrict to classical configurations, as formulated in Classical TCC (CTCC). However, this leads to contradictions again with the Standard Model of particle physics. It would be difficult to find a successful selection rule, keeping the law of quantum mechanics.
We also discussed the possibility of applying TCC to our particular Universe, Observational TCC (OTCC). It is a swampland conjecture that picks up theories with at least one TCC-consistent Universe. At first sight, it would give the TCC constraints in the literature. However, we have argued that this is not the case for the decay of a metastable de Sitter vacuum, or more generally when probabilities inherent in quantum mechanics are involved with the cosmological evolution. This is because we now allow for maximal atypicality of us -we should be living in one of the TCC-consistent Universes in order not to observe the violation of the TCC condition (2) . In this formulation, there remains a problem how to justify this atypicality of us.
We have therefore introduced a probabilistic interpretation to TCC, Probabilistic TCC (PTCC). In this proposal, a small probability of the TCC violation is tolerated. This version could still work as a swampland condition, which eliminates theories with large probabilities of the TCC-violating realizations, although it is unsatisfactory as a trans-Planckian censorship constraint.
Note that all these different versions of TCC lead to different conclusions for practical problems. For example, concerning the presence and the lifetime of a metastable de Sitter vacuum, the consequences are: UTCC/CTCC: The metastable de Sitter vacuum is not allowed for any mean lifetime.
OTCC: Any finite value of the mean lifetime is allowed.
PTCC:
The mean lifetime has a finite upper limit depending on the definition of the probability.
As is clear from this example, PTCC depends nontrivially on the choice of the probability measure. We pointed out that PTCC suffers from the measure problem, i.e. the non-uniqueness of the probability measure, and that the measure would likely be anthropic. One might still hope that unknown (or even known) knowledge of quantum gravity naturally and inevitably picks up a unique measure, hence solving the measure problem. If this is the case, then at least the concept of probability is well-defined.
Irrespective of the measure problem, once we accept the probabilistic interpretation, then it seems very likely that swampland conjectures in general should be formulated probabilistically under the same measure -the violation of the conjectures is allowed with a small probability. This is a rather dramatic consequence. For example, the swampland conjecture of no exact global symmetry [151] [152] [153] [154] [155] is believed to be a statement applicable to any possible realization in the landscape. However, the probabilistic nature of the swampland conjecture, if generally applied, suggests that some theories can survive if they predict a small probability of symmetry non-conserving processes.
In any formulation, we have seen that there are several challenges in considering TCC as a swampland condition -one needs to introduce any one of (unknown) selection rule, our atypicality (i.e. anthropic selection rule), or the TCC violation with a small probability. These do not immediately reject TCC but their justification will require deeper understanding of quantum gravity. One could also argue that TCC is not a swampland condition after all, i.e. a constraint not on theories but just solutions. While this could be possible in principle, it requires modification of possible predictions extracted from a given theory -this is more radical requirement than the standard swampland conjectures.
